Abstract. The collective behavior of a two-dimensional wet granular cluster under horizontal agitations is investigated experimentally. Depending on the agitation strength, the cluster evolves into various non-equilibrium stationary states with strong internal structure fluctuations with time. I quantitatively characterize such fluctuations with bond orientational order parameter q 6 , and find that the fluctuations fall into the class of 1/f noise. Moreover, the scaling of the power spectrum is found to be sensitive to the stationary states of the system: A power law scaling of ≈ −1.5 dominates in the amorphous state, while an abrupt increase of the scaling is found as melting starts from the surface. This behavior suggests the possibility of using 1/f noise as an indicator for phase transitions in systems driven far from thermodynamic equilibrium.
Introduction
1/f noise (also called flicker or pink noise) is a class of signal exhibiting power spectrum 1/f α with exponent α bound by 0 (white noise) and 2 (Brownian noise) [1, 2] . The first and most extensively investigated noise of this class is electric noise in conducting or semiconducting materials [3, 4, 5, 6] . Later on, the ubiquity of 1/f noise is unveiled as a surprisingly large number of systems are found to fall into this class, ranging from blinking of stars and sunspot activity [1] in astrophysics, earthquake triggering [7] and undersea ocean currents in geophysics [8] , to the loudness fluctuations of music [9] , gene expression [10] , and human cognition [11] . Because of this ubiquity, it is important to understand why such a common feature persists and to explore whether there is a universal mechanism behind or not. One attempt, after van der Ziel, considers 1/f noise as a superposition of independent events with the same exponentially decaying correlation function but a broad distribution of the relaxation time [12] . Despite of being originally used to explain electric noises, this type of model has been successfully applied to a large variety of systems exhibiting 1/f noise [6, 13] .
In order to provide a general understanding of 1/f noise, Bak et al. proposed the concept of self-organized criticality (SOC) [14, 15] , claiming that in spatially extended dissipative systems 1/f noise can be viewed as an indication of self-organized critical state. In contrast to the critical state in equilibrium thermodynamics, the system is self-organized, i.e. no external tuning is needed. Using a cellular automata (CA) model describing the avalanches in a pile of sand, they demonstrated that the scale invariance in time is associated with fractal structures, i.e. scale invariance in space. Triggered by this concept, a tremendous amount of investigations have been performed to test the universality of SOC [13, 16, 17] . As the concept meets experiments, contradictory results were found, even for the avalanches of a sand pile that Bak et al. initially proposed [16, 18, 19] . Those investigations led to the conclusion that SOC is not as universal as it was claimed. Instead, its validity relies on the dissipation mechanisms of specific systems [20] , and also on the way of analysis [21, 22] . Although the ubiquity of 1/f noise has not been completely understood within the concept of SOC, we have at least learned that noise may provide useful insights into the self-organized stationary states of systems driven far from thermodynamic equilibrium [13] .
Due to its ubiquity in nature, various industries and our daily lives, wet granular matter has attracted interest from both physical and engineering communities in the past decades [23, 24, 25] . In particular, it can be treated as a nonequilibrium model system, with granular particles replacing molecules and liquid bridges formed between adjacent particles replacing molecular bonds. Because of the strong energy dissipation associated with wet impacts [26] , continuous energy injection is necessary to maintain a certain stationary state of such a nonequilibrium system. Former investigations have revealed that the dissipative energy scale arising from the rupture of liquid bridges between adjacent particles plays an important role in determining the collective behavior of wet granular matter, such as melting [27, 28] , clustering [29] , and phase separation [30, 31] . More recently, an analogue of surface melting has been found in agitated wet granular matter [32, 33] , indicating that existing knowledge on equilibrium systems can be extended to explain the widespreading nonequilibrium phenomena. Here, I demonstrate that 1/f noise is dominating for the internal structure fluctuations of an agitated two-dimensional wet granular cluster, and the scaling exponent is sensitive to the self-organized stationary states of the system, suggesting the essential role that noise plays in systems driven far from thermodynamic equilibrium.
Methods
The experimental set-up is sketched in Fig. 1 . Various number N of polished soda lime glass beads (SiLibeads P) with a density ρ p = 2.58 g/cm 3 and a diameter d = 4 ± 0.02 mm are used as granular sample. After being mixed with a certain volume V l of purified water (LaboStar TWF), they are confined into a cylindrical polytetrafluoroethylene (PTFE) container with an inner diameter of D = 102 mm and a height of 6 mm. The latter confinement ensures a mono-layer of particles. The liquid content W = V l /V s with V s the total volume of the spheres is kept at 0.02, in a regime that liquid bridges form between adjacent particles [34] . The container is closed with a glass lid to keep the liquid content constant. During the experiments, the glass lid is slightly heated to avoid water vapor condensed there. The wet granular sample is illuminated from below with a LED array, and viewed from top with a CCD camera (Lumenera LU125M) mounted in the comoving frame (see Fig. 1 (a) for a typical snapshot). The swirling table is leveled within 5.7 × 10 −3 degrees to avoid the influence from gravity. The horizontal swirling motion, i.e. a superposition of two perpendicular sinusoidal vibrations with identical amplitude A and a phase difference of π/2, is provided by a mechanical orbit shaker (Thermolyne, AROS160). The amount of energy injection into the system is adjusted by varying the frequency f at a fixed amplitude A = 31.8 mm. With a computer controlled precision resistance decay box (Burster 1424), the swirling frequency is controlled with an accuracy of ∼ 10 −4 Hz. I determine f by tracing a fixed particle on the swirling table with another CCD camera (Lumenera LU075M) mounted in the lab frame. A computer program is developed to adjust the swirling frequency in steps and capture images with a fixed rate of 5 frames per second.
Using a Hough transformation [35] based image processing procedure, I determine the positions of all particles in each frame captured. For each particle, I identify its nearest neighbours with a critical bond length r b = 1.35 d, and calculate the bond orientational order parameters (BOOP) q l [36, 37, 38] whereQ lm ≡ Q lm ( r) is an average of the local order parameter Q lm ( r) ≡ Y lm (θ( r), φ( r)) over all bonds connecting this particle to its nearest neighbours. Here Y lm (θ( r), φ( r)) corresponds to the spherical harmonics of a bond located at r. Finally, I determine the local structure of each particle by comparing the order parameter q 6 with the standard values for perfectly hexagonal, square, line structures, as well as for isolated particles. Here, I choose q 6 as the order parameter because of its sensitivity to the hexagonal order. As shown in Fig. 1(b) , the particles are colored by their local structures after the above analysis in order to visualize the local structure changes. Figure 2 shows the internal structure fluctuations of a wet granular cluster in various non-equilibrium stationary states. The internal structure is characterized by P 6 , the percentage of particles in a local hexagonal structure. At a relatively low driving frequency f d = 1.161 Hz, the cluster is composed of a few 'crystals' loosely connected with each other. The energy injection is not sufficient for the 'crystals' to overcome the friction from the ground and move freely. The P 6 order parameter stays at a high value close to 0.9, indicating that almost all particles are kept in a hexagonal structure. The small fluctuations mainly arise from the frequent attaching and detaching of individual particles from the 'crystals'.
Results and discussion
At a slightly larger frequency f d = 1.285 Hz, the better mobilized 'crystals' merge into a single one with dislocation defects. The defect lines, along which local structures of particles deviate from hexagons to squares, suggest a certain amount of potential energy being stored there. Note that the state with defects is unstable: A small perturbation, for instance from a collision with the container wall, will lead to a healing of the defects due to the strong cohesions between adjacent particles. As the ground state with a perfect hexagonal packing is not easily achieved, the healing process will end up with a metastable state with a different level of potential energy. The corresponding fluctuation of P 6 is much stronger than the former state, because the defects associated structure changes occur at the length scale of the whole 'crystal'. Moreover, the fluctuations occur at time scales much longer than the swirling period, i.e. 1/f d .
What can we learn from such long time fluctuations? On one hand, periodic energy injections through collisions with the container may accumulate with time, leading to an increase of the potential energy, or correspondingly a decrease of the total number of bonds inside. On the other hand, compaction due to the container wall tends to release the potential energy stored and lead to an increase of the P 6 order parameter. Hence, the fluctuations of the P 6 parameter, which corresponds also to the percentage of particles at the lowest potential energy, can be considered as switching between various metastable states arising from the competition between the two processes described above.
Such type of fluctuations persist as driving frequency increases, as long as the cluster stays in an amorphous state. As the driving frequency increases further, an abrupt transition into a surface melted state arises, owing to a balance between the energy injection and the rupture energy of a liquid bridge [33] . This transition is manifested by the collapse of the voids inside the 'crystal' together with the emerging of a liquid like layer covering the 'crystalline' core, as shown in Fig. 2(c) . It is remarkable to see that the fluctuations of P 6 behave dramatically different in the melted state in comparison to the amorphous one: The large fluctuations at long time scales in the amorphous state are not present any more. This can be understood from the fact that the energy injection and dissipation in the melted state is localized in the liquid like layer that covers the crystalline core, because of the much more frequent collisions there. Hence, the metastability associated with the change of the crystalline structures at a length scale of the whole cluster is suppressed, leading to a white noise like fluctuations. Along with the growth of the melted layer thickness, the average P 6 decreases, but the behavior of the noise persists.
The collective behavior shown above is obtained through initializing the system at a relatively large Figure 3 . Normalized power spectrum of P 6 at various driving frequency f d . Each power spectrum is an average over 7 experimental runs. To enhance the visibility, the data are smoothed with running average. The dash lines (corresponding to scaling −0.3 and −1.5) are drawn to guide the eyes. Other parameters are the same as in Fig. 2. f d is chosen as the wet granular assemblies are immobile, i.e. the driving force cannot overcome the total frictional force from the ground.
In order to check whether the different type of fluctuations described above fall into the class of 1/f noise or not, I measure systematically the power spectrum of P 6 as driving frequency f d decreases step by step. As shown in Fig. 3 , the power law behavior is found to be prominent for a wide range of f d . In the initial 'crystalline' or amorphous state, the power spectrum decays with a scaling of ≈ −1.5 for more than two orders of magnitude. Moreover, there exists a pronounced peak at f = f d , suggesting the influence from the driving frequency. Such a feature can be attributed to the periodic driving force from the container. The peak becomes less and less pronounced as f d grows, which might be attributed to a 'softening' of the impact: As the 'crystal' becomes more amorphous, the effective coefficient of restitution (COR) for its impact with the container wall decreases, and the internal structure change of the cluster becomes more susceptible. This trend will eventually lead to more random collisions with the container wall and consequently a vanishing influence from the container wall. At f d = 1.347 Hz, a state with a liquidlike layer covering a crystalline core, i.e. surface melting state, arises. The melted 'crystal' always tends to keep in contact with the container wall, suggesting the extreme case of COR = 0. As f d increases further, the slope continues to increase until its saturation at ≈ −0.3, suggesting a trend toward a white noise type fluctuations without any long time correlations. Meanwhile, a cut-off frequency of ≈ 0.1 Hz, below which the power spectrum decays much slower, arises. As the power law behavior is robust, and the scaling is found to be closely related with the stationary states of the system, it is intuitive to use the scaling as an order parameter for the melting transition. Fig. 4(a) (lower triangle) shows the fitted decay exponent as a function of the driving frequency for the spectrum shown in Fig. 3 . The transition from an amorphous state to a melted state can be distinguished from the deviation of the scaling from its initial low value. To avoid the influence from the peak at f d , I fit the spectrum with an upper limit f lim , which is determined by decreasing f lim in steps from f d until the standard error of the fit converges. A comparison to the scaling obtained by increasing f d (upper triangle) shows a good agreement, except for the region where the scaling starts to deviate from its initial low value. In this region, the slightly smaller scaling for the case of increasing f d indicates hysteresis, which is in agreement with a former investigation on surface melting [33] .
To check possible influence from the finite size of the system, I have varied the particle number from 180 to 406, which corresponds to a range of area fraction from 0.277 to 0.624. As shown in Fig. 4(b) , similar behavior of the scaling is found for all the area fractions explored. It suggests the robustness of using the 1/f noise to sense the melting transition. More specifically, the trend of a rapid deviation from an initially low scaling ≈ −1.5 into a saturated region persists. Hence, I fit the data with a constant value followed by a parabolic growth, and determine the threshold f th as the intersection point that minimizes the standard error. Quantitatively, the threshold frequency stays at ≈ 1.3 Hz, with larger error for small cluster sizes. Note that the smallest cluster with N = 180 roughly corresponds to 7 layers of particles in a hexagonally packed structure. For such a small 'crystal', the energy obtained through the container wall will presumably lead to strong relative fluctuations of the internal structures, and consequently large data scattering for the initial 'crystalline' and amorphous states. For even smaller cluster size, the reduced chance for all particles to stay in one cluster hinders the statistical measurements performed here.
From the above analysis, we have learned that 1/f noise is prominent in a driven wet granular cluster, and the exponent of the power law decay depends sensitive on the non-equilibrium stationary state that the system evolves into. In order to find a clue for such a robust behavior, we need to identify the essential ingredients leading to the 1/f noise. As already discussed in the above analysis, each packing of the wet granular cluster can be considered as one metastable state. This is reminiscent to the packing of equal sized spherical particles in three dimensions: The face-centered cube packing (fcc) with a density of 0.74 is rare [39] . From time to time, we obtain a distribution of metastable states with a range of density from random close to loose packings [40, 41] .
Triggered by the impacts with the container wall, frequent switches of the cluster from one metastable state to another emerge. Each switch can be considered as an activation-relaxation process. Taking an amorphous cluster as example, each collision with the container wall leads to a certain energy injection E inj ∝ (1 − ǫ 2 ), where ǫ is the effective COR. On one hand, E inj leads to an activation of defects inside the cluster, a corresponding reduction of P 6 , and an increase of the total potential energy stored inside. On the other hand, it effectively 'heats' the cluster up, i.e. enhances the kinetic energy of granular particles therein. The latter effect will in turn lead to a healing of defects generated, because the structure with four fold rotational symmetry along the dislocation defects is locally unstable (see e.g. Fig. 2(b) and corresponding discussions). Moreover, the additional kinetic energy gain from the healing process of a large defect will in turn generate small defects. A cascade of such energy transfer processes toward smaller and smaller length scales eventually lead to a relaxation of the energy injected through the dissipative interactions between individual particles. Following the approach initiated by van der Ziel [12, 13] , I speculate the relaxation process after an impact has the following autocorrelation function
where A and τ 0 denote the activation energy and the relaxation time, correspondingly. Note that the two parameters may differ dramatically from one impact to another, because the relaxed state after one impact is not necessarily the one with the lowest potential energy. Instead, a distribution of various metastable states arises with each state corresponding to one rigid packing of the wet granular particles. As C(τ ) is an even function, one can then calculate the corresponding power spectrum for this process with
which yields the Lorentzian function
Assuming individual impacts are independent with each other, the power spectrum P (f ) for the structure fluctuations measured can be obtained as a superposition of Lorentzian processes
where the probability Pr(A, τ 0 ) of having activation energy A and relaxation time τ 0 crucially determines the scaling of P (f ). For example, the distribution Pr(A, τ 0 ) ∝ 1/τ 0 leads to P (f ) ∝ 1/f for the whole frequency range. In reality, a limit on the relaxation time, say τ 0 ∈ [τ 1 , τ 2 ], will lead to a limit on the power law scaling: The spectrum flattens below 1/τ 2 and steepens above 1/τ 1 . Therefore, one can determine the intrinsic time scale of the relaxation process from the change of scaling in the power spectrum. Note that the relaxation process through a cascade of defects nucleation and healing events relies on a certain rigidity of the cluster. As melting starts at relatively large f d , the spatial as well the associated time correlation vanishes, and the energy injection and dissipation occur locally in the melted layer close to the impact point. As a consequence, a white noise like fluctuations with vanishing time correlation arise. Because the fluctuating P 6 order parameter detected in the experiments can be considered as a superposition of individual activation-relaxation processes described above, the sensitivity of the power law scaling on the melting transition can be attributed to the change of correlation time scale in the cluster.
So far, we have a qualitative understanding on why the 1/f noise is prominent, and why we can use the scaling to determine the transitions between various stationary states in our non-equilibrium model system. However, one has to face the following obstacles toward a quantitative understanding: There exists possible coupling between individual activation-relaxation events. A hard impact with the container wall will change the structure of a cluster substantially, which in turn will influence the COR for the next impact. Hence the assumption of independent subsequent events may not be justified. Moreover, such an influence will also lead to a certain distribution of the activation factor A, i.e. the energy injection, and a coupling between A and the relaxation time τ 0 . Therefore it is necessary to find the relation between A and τ 0 before more quantitative comparisons to the experiments.
Conclusions
In conclusion, I investigate the self-organization of a two-dimensional wet granular cluster under horizontal swirling motion, and use the percentage of particles in a local hexagonal packing to characterize the internal structure fluctuations in various nonequilibrium stationary states of the clusters formed. In the frequency domain, the power spectrum of all fluctuations exhibits predominately a power law behavior with scaling exponent ranging from ≈ −1.5 to ≈ −0.3. More specifically, the scaling of the 1/f noise is closely related to the non-equilibrium stationary states of the system: For the initial 'crystalline' and amorphous states, it stays low at ≈ −1.5. As melting starts from the free surface, a deviation of the scaling arises until it saturates at ≈ −0.3. A variation of the cluster size yields qualitatively the same scaling behavior and quantitatively the same transition threshold from the scaling. Such a robust behavior suggests an alternative way of detecting phase transitions in systems driven far from thermodynamic equilibrium. Finally, I show that the 1/f noise can be qualitatively understood from the impact mechanisms between the wet granular cluster and the container wall. In connection to the classical avalanche problem, i.e. local melting at the free surface driven by gravity, one may speculate that 1/f noise of the local structure or stress fluctuations may have already been present well below the onset of an avalanche.
In short, the current investigation once more suggests the importance of noise in characterizing systems driven out of thermodynamic equilibrium. Concerning the robustness of such a characterization, future questions to ask are: Will any type of fluctuation related to the energy flux in and out of the nonequilibrium system, e.g. the sound energy arising from the inelastic collisions, exhibits a similar behavior? Will the way of energy injection or dimensionality of the system influence the behavior? Concerning a more quantitative understanding of the emerging 1/f noise, it is also important to characterize the coupling between the activation energy and the relaxation time experimentally through a measurement of the effective coefficient of restitution for wet granular clusters.
